Abstract: A novel method for the production of singlet oxygen from H 2 O 2 was developed. A combination of iodoarene (ArI), methyltrioxorhenium (MTO), and H 2 O 2 in the presence of pyridine as the cocatalyst efficiently produced singlet molecular oxygen ( 1 O 2 ) under biphasic conditions. The existence of 1 O 2 was demonstrated by trapping experiments with aromatic dienes, 1,3-cyclodienes, and alkenes. The mechanism of 1 O 2 production from the iodoarene/MTO/35 % H 2 O 2 system and the reaction scope was also discussed.
Introduction
Oxyfunctionalization of organic substances with singlet molecular oxygen ( 1 O 2 ) has received significant attention, both from the academic and industrial points of view, as it is an important method for the construction of the carbon-oxygen bond [1] . More importantly, 1 O 2 is a well-established oxidant in photodynamic therapy, which is widely used to treat some malignant cancers [2] . The common method of generating 1 O 2 , dye-sensitized excitation of triplet molecular oxygen, can be challenging when applied to industrial-scale production, because of the need for specially designed photochemical reactors and materials for safe processing [3] . This problem is partially solved by the availability of various chemical sources of -iodane phenyliodine bis(trifluoroacetate) (PIFA) 1a (Scheme 1) [7] . A key feature of this protocol is the oxidation of H 2 O 2 with 1a to give a reactive intermediate hydrogen tetraoxide (H 2 O 4 ), which subsequently undergoes homolytic dissociation to singlet oxygen and H 2 
Results and discussion
At the outset of our study, we chose the oxidation of iodobenzene (4a, 1 equiv, Fig. 1 [10] in 20 % yield (entry 1). It is important to note that in the absence of the 4a, a complex mixture was obtained, indicating that the 4a is essential for the 1 O 2 generation. To improve the level of conversion through MTO stabilization [11] , a series of tertiary amines -imidazole, 2,6-dimethylpyridine, phenanthroline, N-methylimidazole, and pyridine -were tested for use as the co-catalyst (entries 2-6). The results showed that pyridine had a significant influence on the reaction rate and the yield of 3a (entry 6). Next, attempts were made to further optimize the reaction conditions by screening a series of iodoarenes 4b-n [12] (Fig. 1) .
Depending on the structure of the iodoarene, the conversion and yield varied from 56 to 98 % and from 26 to 86 %, respectively (Table 1, entries 7-18). The highest efficiency in terms of yield and conversion was achieved with 2-iodomesitylene (MesI, 4d) (entry 9). Thus, we concluded that the best choice of iodoarene and co-catalyst would be the 4d and pyridine, respectively, for obtaining endoperoxide 3a in high yield with a high conversion.
It formation vs. peroxide formation in the presence of olefin substrates. To assess the synthetic feasibility and chemoselectivity of the present oxidation system, oxidation of a set of substrates, including aromatic dienes 2a-d, 1,3-cyclodienes 2e-g, and alkenes 2h,i, was examined. The results are listed in Table 2 . In order to minimize epoxide formation and shift the balance in favor of iodine oxidation, an essential step for 1 O 2 generation, the reaction conditions were reoptimized to include the 4d/MTO/35 % H 2 O 2 /pyridine in 4:0.1:15:0.5 ratio relative to substrate 2. When 2a was exposed to the chemical peroxidation conditions, complete conversion of the starting material was observed, and the corresponding endoperoxide 3a [10] was obtained in 94 % yield (entry 1). With 2b, fast oxygenation occurred, as indicated by the disappearance of the intense color of the starting material and the formation of 3b [13] (entry 2). The relatively less reactive substrate 2c was oxygenated to 3c [14] but with a slightly lower yield of 48 % at 60 % conversion (entry 3). The phenolic substrate 2d (entry 4) gave a low yield of hydroperoxide 3d [15] , with 45 % conversion. Oxygenation of α-terpinene (2e) at complete consumption gave ascaridole (3e) [16] in 75 % yield, along with p-cymene (5a) in 80:20 ratio (entry 5). Likewise, 1,3-cyclohexadiene (2f) was transformed into the corresponding endoperoxide 3f [17] in high yield (72 %), along with benzene (5b) as the byproduct (entry 6). Aromatic products 5a,b were formed by oxidation of the starting material with the in situ generated iodosylmesytilene (MesIO, 10) [18] species, as confirmed by a control experiment involving 1,3-cyclodienes 2e,f and 10. Notably, no trace of epoxide resulting from the starting materials 2e,f or products 3e,f was detected by NMR analysis. Oxidation of 2g gave endoperoxide 3g [19] in high yield (87 %), with an appreciable amount of epoxide 6a [20] in 93:7 ratio (entry 7). An electron-rich alkene, 2,3-dimethyl-2-butene (2h), when subjected to the established reaction conditions afforded a mixture of oxidized products consisting of allylic hydroperoxide 3h [21] , allylic alcohol 7a [21] , and epoxide 6b [22] (entry 8). The formation of 7a can be rationalized in terms of the reduction of 3h under the reaction conditions. The observed allylic oxygenation products 3h and 7a, which resulted from the 1 O 2 ene reaction, and the 6b ratio (37:63) indicated that present protocol shows no preference for the oxidation of the 4d by MTO/H 2 O 2 over that of double-bond oxidation when an electron-rich alkene such as 2h is employed as the substrate. Likewise, oxidation of substrate 2i bearing distinct allylic hydrogens afforded the corresponding allylic oxidation products 3i,k [23] , 7b [24] , 8 [25] , and epoxide 6c [26] in 28 and 47 % yields, respectively (entry 9), in 40:60 ratio.
A plausible mechanism for After the usual work-up, the mixture was analyzed by NMR, which confirmed the formation of the corresponding endoperoxide 3a in 95 % yield and at 99 % conversion. Similarly, the oxygenation of α-terpinene (2e) under aforementioned conditions afforded ascaridole (3e) in 76 % yield, with 99 % conversion.
Conclusions
In conclusion, we have presented a novel protocol for 1 O 2 generation from H 2 O 2 , induced by in situ generated hypervalent aryl-λ In a 25-mL round-bottomed flask equipped with a magnetic stirrer were placed CH 2 Cl 2 (5 mL), iodoarene (1 mmol), 35 % H 2 O 2 (0.86 mL, 10 mmol), and a co-catalyst (0.25 mmol), as specified in Table 1 . The reaction was initiated by the addition of a solution of methyltrioxorhenium (MTO) (12.5 mg, 0.05 mmol) and 9,10-dimethylanthracene (2a, 0.207 g, 1 mmol) in CH 2 Cl 2 (2 mL) via a syringe over 2 h at room temperature. The resulting mixture was further stirred for 4 h. After the addition of diphenylmethane (168 mg, 1 mmol) as an internal standard, the reaction mixture was diluted with water (5 mL), extracted with CH 2 Cl 2 (2 × 5 mL), and dried over Na 2 SO 4 . The solvent was removed under reduced pressure (15 °C, 25 Torr), and the conversion and yield were directly determined by 1 H NMR analysis of the crude mixture.
Preparative oxygenation of various substrates with the 4d/MTO/35 % H 2 O 2 system (main Text, Table 2)
In a 25-mL round-bottomed flask equipped with a magnetic stirrer were placed CDCl 3 (5 mL), 2-iodomesitylene (4d, 0.98 g, 4 mmol), 35 % H 2 O 2 (1.29 mL, 15 mmol), and pyridine (40 μL, 0.5 mmol). The reaction was initiated by the addition of a solution of MTO (25.0 mg, 0.1 mmol) and substrate (1 mmol) in CDCl 3 (2 mL) via a syringe over 2 h at room temperature. The resulting mixture was additionally stirred for 4 h. After the addition of diphenylmethane (168 mg, 1 mmol) as an internal standard, the reaction mixture was diluted with water (5 mL), extracted with CDCl 3 (2 × 5 mL), and dried over Na 2 SO 4 . The conversion, yield, and product distribution were directly determined by 1 H NMR analysis of the crude mixture. After removal of the solvent (15 °C, 25 Torr), the residue was loaded on a silica gel column and eluted with a 90:10 mixture of hexane and Et 2 O. The first fractions gave 2-iodomesitylene (4d). Further elution afforded the corresponding oxygenation product (main text, Table 2 , entries 1-7).
Procedure for the oxidation of 9,10-dimethylanthracene (2a) and α-terpinene (2e) with the MesIO-H 2 O 2 system (main text, Scheme 3)
To a solution of substrate (2, 1 mmol) and 35 % H 2 O 2 (1.29 mL, 15 mmol) in CH 2 Cl 2 (5 mL) at room temperature was added MesIO (10, 1.05 g, 4.0 mmol) in portions over 2 h. The mixture was additionally stirred for 2 h. After the addition of diphenylmethane (168 mg, 1 mmol) as an internal standard, the mixture was extracted with CH 2 Cl 2 (2 × 10 mL), washed with water (10 mL), and dried over Na 2 SO 4 . After removal of the solvent at reduced pressure (15 °C, 25 Torr), the conversion and yield were directly determined by 1 H NMR analysis of the crude mixture.
9,10-Dimethyl-4a,9,9a,10-tetrahydro-9,10-epidioxyanthracene (3a): Isolated yield: 
